ABSTRACT The synthesis of atomic-scale metal catalysts is a promising but very challenging project. In this work, we successfully fabricated a hybrid catalyst of Ptc/Ni(OH)2 with atomic-scale Pt clusters uniformly decorated on porous Ni(OH)2 nanowires (NWs) via a facile room-temperature synthesis strategy. The as-obtained Ptc/Ni(OH)2 catalyst exhibits highly efficient hydrogen evolution reaction (HER) performance under basic conditions. In 0.1 mol L −1 KOH, the Ptc/Ni(OH)2 has an onset overpotential of~0 mV vs. RHE, and a significantly low overpotential of 32 mV at a current density of 10 mA cm −2 , lower than that of the commercial 20% Pt/C (58 mV). The mass current density data illustrated that the Ptc/Ni(OH)2 reached a high current density of 6.34 Amg 
INTRODUCTION
Molecular hydrogen is regarded as one of the most efficient, environmentally friendly and renewable energy carriers in the 21st century owing to its unique advantages including high efficiency and natural abundance along with environmental benignity [1, 2] . Alkaline water electrolysis is a most economical and sustainable method to produce hydrogen due to unlimited reactant availability, good manufacturing safety, stable output and high product purity [3] [4] [5] [6] . Nevertheless, cathodic hydrogen evolution reaction (HER) of alkaline water splitting often suffers from sluggish kinetics, making it critical to develop electrocatalysts with high efficiency to promote the process of HER. Up to now, the platinum-based catalyst is still the best HER electrocatalyst under alkaline conditions due to the low onset overpotential, small Tafel slope and strong durability [7] . Although many non-noble-metal electrocatalysts such as Ni-based alloys [8] [9] [10] [11] [12] and Co-based nanocomposites [13] [14] [15] have motivated intense research on electrocatalytic HER, their poorer HER performance than Pt-based catalysts enormously restricts their practical applications. Consequently, how to enhance the HER activity of Pt-based materials in basic media is a greatly valuable but very challenging project.
Atomic-scale metal catalysts often show fairly large atom efficiency and high-efficiency catalytic activity, which have attracted widespread attention [16] [17] [18] [19] . Decreasing the size of catalysts can increase the specific surface area, which will greatly augment the active sites. Atomic metal catalysts promise higher atom utility in the catalyst and have emerged as a new research frontier [20] . Therefore, designing atomic-scale Pt based hybrid catalysts for HER could greatly improve their electrocatalytic performance.
In addition, another feasible way to enhance the HER activity of Pt in basic media is combination of Pt with 3d-M (M= Mn, Fe, Co, Ni) metal hydroxides, because the edges of the M(OH)X sites can facilitate dissociation of water and production of hydrogen intermediates, which would adsorb on the nearby Pt surfaces (called absorbed hydrogen, Ha), and subsequently the Ha would combine to generate molecular hydrogen . Yin et al. [21] reported a facile wet-chemical method to realize Pt NWs grown on β-Ni(OH)2 nanosheets, showing a higher HER performance than Pt/C. Meanwhile, α-Ni(OH)2 usually displays superior electrochemical performance to other phases of Ni(OH)2 due to its special intrinsic structure. Gao et al. [24] experimentally demonstrated that α-Ni(OH)2 has better OER catalytic activity than β-Ni(OH)2. And we predict that α-Ni(OH)2 can also exhibit more prominent HER performance because α-Ni(OH)2 is isostructural with the hydroxide-rich basic salts of nickel [25] . In α-Ni(OH)2, the anions are loosely intercalated between the hydrated nickel hydroxide sheets, [Ni(OH)2−x(H2O)x] x+ , which would be more likely promoting dissociation of water in alkaline solutions. Consequently, rational design of atomic-scale Pt decorated on α-Ni(OH)2 can provide a large number of active sites and promote dissociation of water to improve the HER performance of the catalyst owing to synergetic chemical coupling effect between Pt and α-Ni(OH)2. However, to the best of our knowledge, there are no any related studies about simultaneously utilizing this synergetic effect on HER electrocatalysts in basic solution.
Herein, we reported a facile synthetic strategy to fabricate a hybrid electrocatalyst of atomic-scale Pt clusters decorated on porous α-Ni(OH)2 NWs (Ptc/Ni(OH)2). The Ptc/Ni(OH)2 was synthesized by using weak reductant (NaH2PO2) to reduce adsorbed H2PtCl6 of the as-obtained porous Ni(OH)2 NWs, and the Pt mass loading was up to 4 wt.%. The Ptc/Ni(OH)2 catalyst exhibits highly efficient HER performance under basic conditions. The polarization curves demonstrate that the Ptc/Ni(OH)2 has an onset overpotential of~0 mV vs. RHE, and a significantly low overpotential of 32 mV at a current density of 10 mA cm −2 , lower than that of the commercial 20% Pt/C (58 mV) and Pt NPs/Ni(OH)2 (60 mV) at the same current density. The mass current density illustrates that the Ptc/Ni(OH)2 reaches a high current density of 6 
EXPERIMENTAL SECTION

Chemicals
All of the materials were purchased and used without further purification. Nickel sulfate hexahydrate (NiSO4·6H2O, AR, ≥98.5%) and sodium hydroxide (NaOH, AR, ≥98%) were purchased from Sinopharm Chemical Reagent Co., Ltd. Sulfuric acid (H2SO4, AR, 98%) was purchased from Enox Co., Ltd. Sodium hypophosphite (NaH2PO2, AR 99.0%) was purchased from Aladdin Chemistry Co., Ltd. Chloroplatinate acid hexahydrate (H2PtCl6·6H2O, assay: ≥37.5% Pt basis), potassium hydroxide solution (KOH, HPLC, 45 wt.%) and Pt/C (20 wt.% Pt on Vulcan XC-72R) were purchased from Alfa Aesar. Nafion perfluorinated resin (5 wt.%) solution was purchased from Sigma-Aldrich. Sodium borohydride (NaBH4, >99%) was obtained from Acros Organics.
Synthesis of porous Ni(OH)2 nanowires
In a typical reaction, 5.257 g NiSO4·6H2O (~20 mmol) and 0.800 g NaOH (~20 mmol) were dissolved in deionized water (40 mL), respectively. After continuous stirring for 30 min, the NaOH solution was slowly added into the NiSO4·6H2O aqueous solution. Then, the mixture was transferred to a 100-mL Teflon-lined stainless steel autoclave, sealed and aged at 120°C for 24 h in an electric oven. When the reaction was finished and cooled down to room temperature, a large amount of water was added and the as-obtained products were collected by centrifugation. Subsequently, the products were suspended in 200 mL deionized water to form a homogeneous dispersion (c[Ni(OH)2] = 4 mg mL −1 ).
Synthesis of atomic-scale Pt/Ni(OH)2
Five mililiter of Ni(OH)2 solution above was added in 10 mL deionized water under stirring condition. Then, 0.1 mL H2PtCl6 aqueous (0.1 mol L −1 ) was added under stirring for 1 h. Afterwards, it was mixed with NaH2PO2/H2O solution and reacted at room temperature for approximately 5 days. And then a light yellow solution was obtained. Subsequently, the as-obtained products were washed with deionized water for several times. The products were suspended in 20 mL deionized water to form a homogeneous dispersion (c[Ni(OH)2] = 1 mg mL −1 ).
Synthesis of Pt NPs/Ni(OH)2
Five mililiter of Ni(OH)2 solution was added in 10 mL deionized water under stirring condition. Then, 11.3 μL H2PtCl6 aqueous (0.1 mol L −1 ) was added under stirring for 1 h. Subsequently, it was mixed with NaBH4/H2O solution and reacted at room temperature for approximately 30 s. And then a black dispersion liquid was obtained. The as-obtained black products were washed with deionized water for several times.
Characterizations
The morphologies of the products were examined through a Tecnai G2 F20 S-Twin transmission electron microscope (TEM) at an accelerating voltage of 200 kV, and a Quanta 400 FEG scanning electron microscope (SEM) at 20 kV, respectively. Energy-dispersive spectroscopy (EDS) measurements and high resolution TEM (HRTEM) were also recorded on Tecnai G2 F20 S-TEM. Powder X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance powder X-ray diffractometer at a scanning rate of 4° min −1 , using Cu-Kα radiation (λ=1.54056 Å). X-ray photoelectron spectroscopy (XPS) data were performed by a PHI 5000 Versaprobe X-ray photoelectron spectrometer, using nonmonochromatized Al-Kα X-ray as the excitation source. Inductively coupled plasma mass spectrometry (ICP-MS) analysis was recorded on a Thermo Fisher Scientific ICAP Qc.
Electrochemical measurement
One milligram of Ptc/Ni(OH)2 product, 2 mg of Ketjen black (the mass of Pt/C catalyst is 3 mg) and 50 μL of 5 wt.% Nafion solution were dispersed in 0.968 mL of 3:1 (v/v) water/ethanol by sonication for at least 30 min to form a homogeneous ink. Then 4 μL of the catalyst ink (containing 0.16 μg of Pt catalyst) was loaded onto a glassy carbon electrode of 3 mm in diameter. The HER tests were carried out in a conventional three electrode electrochemical cell by using CHI660E. Linear scanning voltammetry (LSV) was carried out at a scan rate of 50 mV s −1 with the pretreated glassy carbon electrode as the working electrode, an Ag/AgCl electrode as the reference electrode and a carbon rod electrode as the counter electrode. All the potentials reported in this work are with iR correction, which are given vs. reversible hydrogen electrode (RHE) according to Evs. RHE = Evs. Ag/AgCl + E θ Ag/AgCl + 0.059 pH.
RESULTS AND DISCUSSION
The atomic-scale Pt clusters decorated on porous α-Ni(OH)2 NWs was prepared via a very facile method. First, the porous α-Ni(OH)2 NWs were synthesized according to previous work [19] . NiSO4 solution mixed with NaOH solution was firstly heated at 120°C for 24 h and a light green gelatinous precipitate was obtained. Then H2PtCl6/H2O was added in the Ni(OH)2/H2O dispersion under continuous stirring. Subsequently, the above solution was mixed with NaH2PO2/H2O solution and reacted at room temperature for several days to transform into a light yellow solution.
The SEM and TEM image of Ni(OH)2 in Figs S1 and S2
illustrate the morphology of the as-prepared Ni(OH)2 NWs along with a large quantity of porous structures. Then, the powder XRD proves that the sample is α-phase Ni(OH)2 ( Fig. S3 ) [26] . After decorated with atomic-scale Pt, the TEM images in Fig. 1a, b show that the morphology of the as-synthesized Ptc/Ni(OH)2 was completely inherited from the α-phase Ni(OH)2 without any obvious change (also descripted in SEM image in Fig. S4 ). The HRTEM image of the Ptc/Ni(OH)2 in Fig. 1c exhibits obvious lattice fringe of α-Ni(OH)2, but hard to identify the Pt due to its small size and inconspicuous contrast in the HRTEM image. To testify the exist of Pt on the Ni(OH)2 NWs, the high-resolution high-angle annular dark-field (HAADF) STEM image was taken. As shown in Fig. 1d Another peak of Cu element in the EDS originated from the carbon-coated copper grid substrate and the S element is from the reactant of Na2SO4 during the preparation of α-Ni(OH)2 NWs). We surmised that the formation of the Ptc/Ni(OH)2 was attributed to the porous structure of the Ni(OH)2 NWs, which could adsorb the Pt(IV) ion and provide a reaction field. Following the addition of weak reductant (NaH2PO2), the Pt(IV) was slowly reduced to form the atomic-scale Pt clusters. The powder XRD patterns of both Ni(OH)2 and Ptc/Ni(OH)2 in Fig. 2a show that after the process of loading Pt, the crystalline structure of Ni(OH)2 has not transformed. And there is no obvious diffraction peaks of Pt in the pattern of Ptc/Ni(OH)2 on account of their small size and low mass loading of Pt.
To detect the surface composition of the catalysts, XPS was measured. In Fig. 2b , the XPS survey spectrum shows the presence of Pt, Ni, and O. The high resolution XPS spectrum of Ni 2p region in Fig. 2c displays two peaks in Ni 2p3/2 region at 855.8 and 861.4 eV, Ni 2p1/2 region at 873.7 and 879.4 eV. The peaks at 855.8 and 861.4 eV are assigned to the binding energies for oxidized Ni species and the satellite of the Ni 2p3/2 peak. And the peaks at 873.7 and 879.4 eV belong to oxidized Ni species and the satellite of the Ni 2p1/2 peak. After deconvolution of Pt 4f region in Fig. 2d , the peaks at around 71.9 and 74.9 eV are attributed . Integral data reveal that Pt 0 atoms are dominant (59%, red curves in Fig. 2d ) and the rest of 41% are Pt 2+ ions (blue curves in Fig. 2d ), respectively. Another peak coexisted in Pt 4f region is Ni 3p peak, which can be ascribed to Ni 2+ species in Ni(OH)2 (cyan curve in Fig. 2d) . Moreover, the survey spectrum and high resolution Ni 2p regions of both Ptc/Ni(OH)2 and Ni(OH)2 NWs alone in Fig. S7 illustrate that there are no obvious changes in chemical state of Ni(II) after decorating atomic-scale Pt clusters on Ni(OH)2 NWs. The mass loading of Pt on Ptc/Ni(OH)2 was measured to be about 4 wt.% by ICP-MS.
In the contrast experiments, where the reductant NaH2PO2 was replaced with NaBH4, larger sized Pt nanoparticles (NPs) loaded on Ni(OH)2 NWs (PtNPs/Ni(OH)2) were obtained.
The TEM image of PtNP/Ni(OH)2 in Fig. S8 illustrates that the Ni(OH)2 NWs were homogeneously loaded with Pt NPs at an average size of~3 nm. The EDS spectrum in Fig. S9 also proves the presence of platinum. The HRTEM image of the Pt NPs in inset of Fig. S8 confirms the inter-plane distance of the lattice fringe of 0.22 nm, which corresponds to that of the (111) facet of Pt. The ICP-MS measurement shows that the Pt content in PtNP/Ni(OH)2 is about 4 wt.%.
The HER catalysis performance of the Ptc/Ni(OH)2
NWs was then evaluated in basic conditions using a traditional three electrode system. Fig. 3 shows the HER electrocatalytic activity of Ptc/Ni(OH)2 in H2-saturated 0.1 mol L −1 KOH. The polarization curve of the Ptc/Ni(OH)2 in Fig. 3a demonstrates an onset overpotential of~0 mV vs. RHE, and a significant low overpotential of 32 mV at a current density of 10 mA cm −2 , which is lower than that of the commercial 20% Pt/C (58 mV) and PtNP/Ni(OH)2 (107 mV) at the same current density. In a sharp contrast, Ni(OH)2 NWs alone exhibit rather poor HER activity under the similar condition, illustrating that the active sites of the Ptc/Ni(OH)2 for excellent HER performance are not provided by the Ni(OH)2 NWs, but the Pt clusters. While, the Ni(OH)2 NWs promote the dissociation of water and production of hydrogen intermediates and result in the unexceptionable HER activity of Ptc/Ni(OH)2 system in basic solutions [21] [22] [23] . The electrochemical active surface area (ECSA) of these electrocatalysts were estimated from the electrochemical double-layer capacitance (Cdl) in Fig. S10 . As shown in Fig. S11 , the Cdl of the Ptc/Ni(OH)2 NWs is 13.1 mF cm −2 , which is 1.47 times that of the PtNP/Ni(OH)2 NWs (8.9 mF cm −2 ). The enhanced ECSA of Ptc/Ni(OH)2 NWs can be attributed to the highly exposed and easily accessible active sites derived from the atomic-scale Pt clusters. In addition, if NaH2PO2 was not added in the /Ni(OH)2 reveals poor HER performance in alkaline solution. All these data support the synergistic effects of Pt clusters and Ni(OH)2 NWs in Ptc/Ni(OH)2 hybrid electrocatalyst for its exceptional HER activity. The HER performance of the Ptc/Ni(OH)2 NWs was further investigated in H2-saturated 1 mol L −1 KOH using a traditional three electrode system. The polarization curves of the Ptc/Ni(OH)2 in Fig. S13 demonstrate a significant low overpotential of~88 mV at a current density of 20 mA cm −2 , which is lower than that of the commercial 20% Pt/C (~107 mV) at the same current density.
The Tafel slope is an intrinsic property of the electrocatalyst that is determined by the rate-controlling step of the HER. For a whole HER process, the reaction steps involved to generate H2 include Volmer reaction combined with Heyrovsky reaction or Tafel reaction, which is usually called Volmer-Heyrovsky or Volmer-Tafel mechanism. In alkaline condition, the Volmer reaction is the rate-controlling step of HER, due to the sluggish dissociation of water, giving rise to a Tafel slope of~120 mV/dec for Pt/C. In Fig. 3b , the Tafel slope of Ptc/Ni(OH)2 is about 86 mV/dec, which is smaller than that of Pt/C (90 mV/dec). We speculated that this smaller Tafel slope of Ptc/Ni(OH)2 was not only attributed to the activity of atomic-scale Pt, but also ascribed to the Ni(OH)2 substrate facilitating the decomposition of water. The mass activity of these electrocatalysts in Fig. 3c and Fig. S14 exhibits that Ptc/Ni(OH)2 reaches an extraordinarily high current density of~6.34 A mg Pt 1 at an overpotential of 50 mV in 0.1 mol L −1 KOH solution, which is approximately 28 and 6.8 times that of the commercial Pt/C (0.223 A mg Pt 1 ) and PtNP/Ni(OH)2 (0.922 A mg Pt 1 ) at the same overpotential, respectively. The chronoamperometric curve in Fig. 3d reveals that the Ptc/Ni(OH)2 is stable with a constant current density of the complete HER process under a constant overpotential of 70 mV (vs. RHE). The typical serrate shape of the current density curve is attributed to the alternate bubble accumulation and bubble release on the electrocatalyst surface in the processes of hydrogen generation.
The performances of the Ptc/Ni(OH)2 NWs with different Pt mass loadings were further investigated. Fig. S15 show the TEM images and the EDS of Pt/Ni(OH)2 with different Pt mass loadings. In the TEM image, there are no visible Pt NPs on the porous Ni(OH)2 NWs, but the EDS reveals the presence of Pt. Subsequently, the HER performances of these materials in 0.1 mol L −1 KOH were measured. The HER data in Figs S16 and S17 illustrate that the Pt mass loading plays a crucial role in the HER performance of Pt/Ni(OH)2.
In summary, we successfully synthesized a hybrid Ptc/Ni(OH)2 electrocatalyst, exhibiting extraordinary electrocatalytic performance for HER, which could be attributed to the following reasons: 1) the atomic-scale Pt clusters offer more active sites in comparison with Pt NPs at the same mass loading, vastly enhancing the catalytic performance and Pt atom utility. 2) The Ni(OH)2 substrate promotes the dissociation of water and production of hydrogen intermediates, which subsequently adsorb on the catalyst and recombine into molecular hydrogen.
3) The α phase of Ni(OH)2 NWs allows the anions to be loosely intercalated between the hydrated nickel hydroxide sheets, 
CONCLUSIONS
In brief, we have successfully fabricated hybrid electrocatalyst of Ptc/Ni(OH)2 with atomic-scale Pt cluster decorated on porous α-Ni(OH)2 NWs via a facile room-temperature synthesis strategy. Notably, the Ptc/Ni(OH)2 catalyst exhibits highly efficient HER performance under basic conditions. The Ptc/Ni(OH)2 shows an onset overpotential of~0 mV vs. RHE, and a significantly low overpotential of 32 mV at a current density of 10 mA cm −2 , lower than that of the commercial 20% Pt/C (58 mV) at the same current density. The mass current density illustrated that the Ptc/Ni(OH)2 reached a high current density of 6.34 A mg Pt 1 at an overpotential of 50 mV, which is approximately 28 times that of the commercial Pt/C (0.223 A mg Pt 1 ) at the same overpotential. The extraordinarily high activity of the hybrid catalyst is attributed to the atomic-scale Pt clusters offering more active sites, the Ni(OH)2 substrate promoting the dissociation of water and production of hydrogen intermediates in alkaline solutions. We expect that the rational design and facile synthetic strategy of the Ptc/Ni(OH)2 electrocatalyst could be extended to other catalysts for improved catalytic activity.
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